INTRODUCTION
============

Immunoglobulin (Ig) gene-conversion (GC) is a secondary antibody diversification mechanism used by B-cells of some animals (i.e. chickens, rabbits, horses, pigs and cows) ([@b1],[@b2]). Unlike mice and humans who rely primarily upon VDJ recombination for the generation of antibody diversity, GC is the major contributor in these organisms ([@b3]). GC is a process through which templated changes are made into the V-region via homologous recombination (HR). The genetic information that stores these potential changes is contained in a series of pseudo-genes (ψV genes) upstream of the V-region. These ψV genes are characterized by their lack of a functional promoter and recombination signal sequences, and also frequently harbor 5′ and 3′ truncations. Through multiple rounds of GC, each derived from any of the possible donor ψV genes, considerable diversity is generated.

Since the discovery of activation-induced cytidine deaminase (AID) ([@b4]), tremendous progress has been made towards understanding the processes which underlie secondary antibody diversification. Class switch recombination (CSR), somatic hypermutation (SHM) and GC were previously thought to be unrelated ([@b5],[@b6]). However, cells deficient in AID are unable to initiate all three processes ([@b7]--[@b9]), indicating that they are intimately linked. AID is thought to initiate these mechanisms through the deamination of cytidine in the DNA into uridine ([@b10]--[@b12]). The downstream processing of these deamination lesions is what leads to the distinct outcomes. In SHM, the mechanism has been broken down into separate stages whereby the uridine generated is subject to multiple fates. It can be replicated across, recognized by the mismatch repair proteins (MMRs) or removed by a uracil DNA glycosylase (UNG), leaving an abasic site ([@b5],[@b13]), the point at which CSR and GC come into play. The abasic site is cleaved by APE1 (an apurinic/apyrimidinic endonuclease) to generate a DNA strand break. These strand breaks, when generated in switch regions can lead to CSR ([@b14],[@b15]). If these strand breaks occur in the V-region of chicken B-cells, the DNA lesions could potentially be repaired by the HR machinery leading to GC events. This idea is supported by the recent findings of Saribasak *et al*. ([@b16]) indicating that DT40 cells deficient for UNG have severely reduced levels of GC, and instead accumulate transition mutations. What remains unclear however, is whether a single strand break (SSB) is enough to initiate GC events, or if a double strand break (DSB) is required ([@b17]). The difficulty in addressing this issue lies in the fact that both lesions can potentially be generated through the known mechanisms of AID action.

To address this question, we turned to the use of an indirect method for evidence of the DNA lesion being generated. It has been well established that repair of DSBs occurs through two primary pathways, non-homologous end joining (NHEJ) and HR ([@b18]). NHEJ is thought to be the predominant form of DNA repair in mammalian cells, and is responsible for the non-templated, imprecise joining of two DSB ends. This process is mediated by the proteins of the Ku complex, (Ku70 and Ku80) as well as DNA--PKcs and DNA ligase IV. In addition, while single-stranded DNA has been shown to bind to elements involved in NHEJ, this binding does not induce activation of the pathway ([@b19]). HR on the other hand, occurs through the use of homologous template DNA to repair lesions. HR is able to act upon DSBs, both one-ended and two-ended, as well as stalled and collapsed replication forks ([@b20]). It is now known that HR and NHEJ are both able to access DSB ends and are thus able to compete for them ([@b21]). Taking advantage of this phenomenon, we postulated that if GC is proceeding via a DSB, perturbing the NHEJ pathway, and thus the competition between HR and NHEJ, would result in an increase of GC. This effect would only be expected to occur if the initiating lesion is a DSB and not a SSB.

MATERIALS AND METHODS
=====================

Cell culture
------------

DT40 cells deficient for DNA--PKcs and Ku70 were obtained from Dr Shunichi Takeda ([@b22],[@b23]). The DT40 cell line is trisomic at the location of DNA--PKcs (chromosome 2) and thus the DT40 DNA--PKcs^−/−/−^ cell line contains three disrupted alleles. Surface IgM (sIgM) negative variants of wild type DT40 (WT DT40) cells were obtained from Dr Michael Ratcliffe, while AID^−/−^ DT40 cells were obtained from Dr Reuben Harris. Each cell line used was derived from the same parental CL18 DT40 cell line, which harbors a frameshift mutation in CDR1 of the Vλ region. WT, Ku70^−/−^, DNA--PKcs^−/−/−^, and AID^−/−^ DT40 cells were cultured in RPMI 1640 supplemented with penicillin and streptomycin, 50 μm β-mercaptoethanol, 3% chicken serum (Gibco) and 7% bovine calf serum at 37°C in 6% CO~2~. Subcloning was performed by plating cells in Terasaki plates at ∼1 cell per well. Cells were allowed to settle for 1 h, and wells containing 1 cell were transferred to 96 well plates immediately.

Flow cytometry
--------------

Cells were stained for sIgM with polyclonal goat anti chicken IgM conjugated to flourescein isothiocyanate (Rockland, PA). Flow cytometry was performed on a FACSCalibur (Becton Dickson) flow cytometer and cell sorting of NHEJ mutants was performed on an EPICS elite (Beckman Coulter) while WT DT40 were sorted on a FACS Aria (Becton Dickson) cell sorter. Cells were considered positive for sIgM if their fluorescence intensity was at least 8-fold above the negative peak. Cells were sorted into RPMI media supplemented as above. Data shown in Figure 2B were analyzed by one-way ANOVA and the Tukey--Kramer Multiple comparisons test using GraphPad Istat Version 3.06.

PCR and cloning
---------------

PCR and cloning were done as described previously ([@b24]) with the following modifications. PCR program consisted of touchdown PCR \[8 cycles at 95°C (15 s) 68--60°C (1°C per cycle) (15 s) 72°C (1 min); 32 cycles at 94°C (15 s) 60°C (15 s) 72°C (1 min); 1 cycle 72°C (5 min)\]. Sequencing reactions were performed by Macrogen (Korea). Sequence changes were analyzed for GC events as described previously ([@b24]). Briefly, multiple nucleotide changes that could be contributed to a single pseudo gene with an identical string of 9 nt or more were considered a single continuous GC event. Single nucleotide changes that could also be contributed to a pseudo gene were classified as ambiguous. Single nucleotide changes that did not have compatible pseudo gene donors were considered point mutations.

Western blot
------------

Cell lysates were run on 12% polyacrylamide gels and transferred onto nitro-cellulose membranes. Membranes were blocked overnight in 5% milk-TBS-T, washed 1× with TBS-T, then incubated with mouse anti-AID antibody (Cell Signalling) diluted 1:1000 in 5% milk-TBS-T overnight. Membranes were then washed 3× with TBS-T, and incubated for 1 h with goat anti-mouse IgG HRP (Southern Biotech) diluted 1:5000 in 5% milk TBS-T. This was followed by washing 7× with TBS-T and visualization with ECL plus (Amersham) and a Versadoc imaging system (Biorad).

RESULTS
=======

To determine whether or not DSBs are involved in the initiation of GC events, we utilized DT40 cells deficient in key factors involved in NHEJ (i.e. Ku70^−/−^ and DNA--PKcs^−/−/−^). The DT40 cell line is derived from a chicken B-cell lymphoma and serves as a useful tool in that it constitutively undergoes rounds of GC in culture. Western blot analyses for AID in the WT, DNA--PKcs^−/−/−^ and Ku70^−/−^,using an AID^−/−^ cell line as a negative control, showed that the AID levels were similar in the three cell lines ([Figure 1](#fig1){ref-type="fig"}). This indicates that all DT40 clones should have similar levels of cytidine deamination, and thus similar levels of AID-induced DNA damage.

The four DT40 cell lines used in these experiments contain the same frameshift mutation in CDR1 of the V-region rendering them sIgM^−^. GC events can restore the reading frame of the V-region, making cells sIgM^+^. By subcloning a starting population that is sIgM^−^, the frequency of GC events can be estimated by assaying for the appearance of sIgM^+^ revertants. To overcome the stochastic nature of GC, at least 10 subclones were analyzed for each cell line to obtain average reversion frequencies. Cells were then analyzed by flow cytometry for sIgM expression.

AID^−/−^, WT, Ku70^−/−^, and DNA--PKcs^−/−/−^ DT40 cells were subcloned, expanded in culture and analyzed at the 18-day and 1-month time points. At the 18-day time point, Ku70^−/−^ and DNA--PKcs^−/−/−^ DT40 subclones had ∼5-fold higher average reversion frequencies than that of WT DT40 cells (i.e. 6.2- and 5.3-fold for DNA--PKcs^−/−/−^ and Ku70^−/−^ cells, respectively) ([Figure 2](#fig2){ref-type="fig"}). Subclones were also analyzed at the 1 month time point to increase the sensitivity of the assay. At this time point, the average reversion frequency was ∼10 and ∼6 times higher in DNA--PKcs^−/−/−^and Ku70^−/−^ DT40 cells, respectively, when compared to WT DT40 cells ([Figure 2](#fig2){ref-type="fig"}). Not surprisingly, the absence of AID resulted in the abrogation of reversion, as even though 18-day cultures appeared to have some sIgM^+^ cells, this proportion did not increase over time indicating the absence of ongoing GC events ([Figure 2](#fig2){ref-type="fig"}).

To validate the frequencies obtained via reversion analysis, unsorted WT and DNA--PKcs^−/−/−^ DT40 subclones that were carried in culture for 1 month were sequenced at the Vλ light chain gene. To maximize the likelihood of finding GC events by sequencing, we used three subclones from each cell line that displayed the highest reversion frequencies ([Figure 2](#fig2){ref-type="fig"}). Sequences obtained are summarized in [Figure 3A](#fig3){ref-type="fig"} and raw sequence data is shown in Supplemental Figure 1. In the three wild type subclones analyzed, only one subclone carried a GC event (i.e. WT DT40 clone 2; [Table 1](#tbl1){ref-type="table"}, [Figure 3](#fig3){ref-type="fig"}). The three WT DT40 clones together gave an average GC frequency of ∼1.2%. In contrast, of the 3 DNA--PKcs^−/−/−^ clones analyzed, 2 carried GC events. DNA--PKcs^−/−/−^ clone 1 carried 2 unique GC events out of 29 sequences (∼6.9%) and clone 3 carried 1 unique GC out of 49 (∼2.0%) giving an average for the three clones of ∼3.0% by sequencing ([Table 1](#tbl1){ref-type="table"}, [Figures 3A](#fig3){ref-type="fig"} and Supplemental Figure 1). Interestingly, the frequency of point mutations was similar in WT and DNA--PKcs^−/−/−^ DT40 cells ([Table 1](#tbl1){ref-type="table"}) suggesting that AID was accessing the V-region equally in each DT40 clone.

Although the sequencing analysis showed an increase in GC frequencies in NHEJ-deficient versus WT DT40 cells, the relatively few GC-positive sequences observed in the two cell lines were insufficient to draw any conclusions. This prompted us to further validate the fluctuation analysis by verifying that the frequency data we had obtained from the sIgM reversion experiments was indeed representative of GC events. Although Ig reversion in WT DT40 cells is known to proceed predominantly through GC ([@b25]), it is conceivable that sIgM reversion in NHEJ-deficient DT40 cells could proceed via non-GC events, such as compensatory insertions/deletions. By sorting for these positive events, and sequencing the Vλ region, we were able to directly observe the mechanism by which the frameshift had been repaired in these sIgM^+^ cells. To this end, we sorted 18-day cultures of WT, DNA--PKcs^−/−/−^ and Ku70^−/−^ DT40 subclones to enrich for sIgM^+^ cells. Cultures that were at least ∼80% sIgM^+^ by post-sort flow cytometry were sequenced at the Vλ gene. Sequencing analysis of sorted WT, DNA--PKcs^−/−/−^and Ku70^−/−^ DT40 clones revealed that nearly every sequence obtained had undergone a GC event that resulted in restoration of the reading frame ([Figure 3B](#fig3){ref-type="fig"}, raw sequence data shown in Supplemental Figure 2). For WT clones, post sort analysis revealed \>94% purity, and practically all sequences obtained revealed restorative GC events ([Table 1](#tbl1){ref-type="table"}, [Figure 3B](#fig3){ref-type="fig"}). Similarly, Ku70^−/−^ DT40 clones 1--3, post-sort analysis showed sIgM reversion was \>95% and again, similar results were obtained by sequencing ([Table 1](#tbl1){ref-type="table"}, [Figures 3B](#fig3){ref-type="fig"} and Supplememtary Figure S2). For DNA--PKcs^−/−/−^ clones 4 and 5, 80 and 98% of the cells were sIgM^+^, respectively, and had restorative GC events at a frequency of 72 and 100% ([Table 1](#tbl1){ref-type="table"}, [Figures 3B](#fig3){ref-type="fig"} and Supplementary Figure S2). Although DNA--PKcs^−/−/−^ clone 2 was ∼80% sIgM^+^ by flow cytometry, only 20% of the sequences had restorative GC events, while 40% showed an untemplated 4 nt deletion in the CDR1 ([Figures 3B](#fig3){ref-type="fig"} and Supplemental Figure 2). The unsorted founder DT40 clone 2 also contained the same deletion ([Figures 3A](#fig3){ref-type="fig"} and Supplemental Figure 1). Thus, with the exception of one clone, sequencing analysis showed that the majority of sIgM reversion in WT, DNA--PKcs^−/−/−^ and Ku70^−/−^ DT40 clones occurred through restorative GC events. These findings validate the frequency data obtained via sIgM reversion, and indicate that NHEJ deficient cell lines repair frameshift mutations in the Vλ region primarily through GC, doing so at a higher frequency than WT cells.

DISCUSSION
==========

In the whirlwind of activity that has ensued since the discovery of AID, the mechanistic details behind secondary antibody diversification have been quickly coming to light. It has been proposed that the action of AID can lead to the generation of a number of DNA lesions. Among them are abasic sites, SSBs and DSBs. DSBs have been observed in hypermutating V-regions ([@b26],[@b27]), although the frequency of these types of DNA breaks appears to be significantly lower than SSBs ([@b28]). Work by Maria Jasin and co-workers has shown that GC of non-Ig genes is initiated by DSBs ([@b29]). However, it is possible that GC at Ig genes could be induced by any of the DNA lesions produced by AID so long as a free 3′ end is generated that can be used to initiate homology search and prime template strand synthesis.

In this study we took advantage of the competition between HR and NHEJ for DSBs and examined the impact of NHEJ-deficiency on GC. Our results indicate that GC is increased in the absence of NHEJ providing evidence for the stimulation of GC by AID-induced DSBs. While this finding does not rule out the possibility that other DNA lesions can initiate GC, the significant increase of GC events seen in NHEJ-deficient cells (5- to 10-fold) indicates that NHEJ-accessible DSBs likely initiate the majority of events. Based on this, one would expect in WT DT40 cells that these AID-induced DSBs are being resolved either by HR or NHEJ. In this case, resolution by HR could lead either to normal repair or GC events, while resolution by NHEJ would result predominantly in precise rejoining via the complementary ends of a staggered break or, less frequently, rejoining with associated insertion/deletion.

Interestingly, the number of unique GC events observed via sequencing was higher in sorted IgM^+^ WT DT40 than most of the sorted IgM^+^ NHEJ mutants ([Figure 3B](#fig3){ref-type="fig"}), a result that seemingly contradicts the data obtained from the reversion analysis. It is important to note that the sorting step introduces a selective event thus making frequency determination unreliable. Nevertheless, this phenomenon can be explained by the random nature of GC initiation. The mutant subclones we sequenced likely underwent a reversion event early in their outgrowth. This allowed that event to dominate the culture during expansion of the subclone, effectively masking other unique GCs. The differences in the number of unique GCs between IgM^+^ WT and NHEJ-deficient DT40 clones is likely due to chance and if the remaining subclones analyzed in [Figure 2](#fig2){ref-type="fig"} were sorted and sequenced, some WT and NHEJ-deficient DT40 clones would likely contain sequences with large numbers of unique GCs, while other subclones would likely contain sequences dominated by 1 or 2 revertants. This argument is supported by the fact that sequencing of unsorted populations revealed more GC events in DNA--PKcs^−/−/−^ than WT DT40. In addition, since the founder sequence shares the most homology with ψV8, following initial repair, silent GC events could be occurring at a higher frequency in the NHEJ mutants than the WT but would be undetectable via sequencing since the donor and template are identical.

The initiating DSB can be further classified as either one-ended or two-ended. One-ended DSBs could be generated by replication across AID induced SSBs while two-ended DSBs could be generated through the proximal formation of two SSBs on opposite DNA strands. We believe that two-ended DSBs are the more likely of the two as an initiator of GC events. While it is clear that both NHEJ and HR can resolve two-ended DSBs, one-ended DSBs can only be resolved correctly through HR. Association of NHEJ factors with one-ended DSBs would presumably result in an unresolvable complex which would persist until dissociation of the NHEJ factors followed by normal HR. HR would therefore not be expected to increase when NHEJ is removed. In fact, recent findings by Hochegger *et al.* ([@b30]) indicate that NHEJ is suppressed by Parp1, thus favoring HR whenever possible. In support of this idea, the V-region of DT40 cells is rich with WRCY/RGYW hotspot motifs clustered on both strands near the CDRs, many of them in close proximity possibly serving as substrates for AID induced two-ended DSB formation (E. Tang and A. Martin, unpublished observation). Complicating this interpretation however, is the fact that cells deficient for NHEJ are resistant to SSB inducing agents such as camptothecin, a topoisomerase-1 inhibitor, indicating that NHEJ is inhibiting HR repair of single ended DSBs ([@b31]). It is possible that this effect is most relevant when numerous one-ended DSBs are present as with the use of DNA-damaging agents, while the lower relative frequency of breaks generated by AID activity might reduce the impact of NHEJ on one-ended DSB metabolism. Nevertheless, as the exact role of NHEJ at one-ended DSBs is unclear, our results cannot rule out the possibility that they contribute to the initiation of GC.

NHEJ-deficient DT40 cells were previously analyzed for GC at the V-region and were not found to be significantly different from WT cells ([@b24]). This discrepancy might be attributed to the method of analysis. While we measured sIgM gain, a previous group measured for sIgM loss ([@b24]). Measuring for sIgM gain might be a more appropriate readout for GC for two reasons. First, sIgM loss could potentially occur through multiple mechanisms while sIgM gain can happen only through repair of the frame-shift itself. Precedent for this idea exists in a previous study ([@b9]) where sorting for a population of sIgM-loss variants from sIgM^+^ AID^−/−^ DT40 cells did not yield enrichment of sIgM^−^ cells, indicating that a small fraction of cells had transiently undergone loss of sIgM expression. This phenomenon could obscure GC frequency differences when measuring by sIgM-loss. Second, Ig GC in DT40 cells results almost exclusively in productive conversions, indicating that GC events rarely generate sIgM loss. In light of this, it seems reasonable to conclude that assaying via sIgM gain allowed us to observe differences that were undetectable by sIgM loss. It should also be noted that the role of NHEJ on GC was not the primary focus of this paper ([@b24]).

While NHEJ is known to function throughout the cell cycle, HR is preferentially used in late S and G2 ([@b32]). This suggests three possibilities. One is that NHEJ is directly competing with HR for DSBs being formed during late S and G~2~. The second possibility is that DSBs generated in G~0~ and G~1~ are persisting into S and G~2~, where the GC machinery can now act to repair the lesion. However, the cell cycle requirement of HR is thought to reflect the necessity for the presence of a sister chromatid for templated repair. In the case of pseudo-genes, which exist throughout cell cycle, the need for a second DNA copy may be abrogated. Thus, a third possibility is that GC and NHEJ are competing for DSBs at all stages of the cell cycle. It will be interesting to see what the requirements are in terms of genome copy number, replication and cell cycle for the induction of GC events and HR in general.

Our work has revealed the involvement of the NHEJ pathway in the processing of AID-induced lesions within the V-region. The imprecise nature of NHEJ could potentially contribute to the process of SHM, or alternately be a hindrance to it through the introduction of frameshift mutations. Consistent with this idea is the involvement of the NHEJ pathway in resolving the DSBs that are induced in CSR. CSR is thought to proceed via a two-ended DSB intermediate, initiated by AID deaminating cytidines on opposite strands ([@b33]--[@b35]). Though there is some controversy in the field ([@b36]), a mounting body of evidence suggests that in CSR, NHEJ plays a key role. Removal of NHEJ results in severely attenuated levels of CSR ([@b37]) and an altered spectrum of switching events. This may represent an insight into an alternate pathway of AID induced mutation. In addition to the current model of AID-induced point mutation, AID induced DSBs in conjunction with NHEJ could result in the formation of frameshift mutations. This alternate pathway may however be more of a hindrance to SHM than a boon, as frameshift mutations would result in truncated gene-products. This idea is corroborated by evidence of low levels of frameshift mutation in actively hypermutating cell lines ([@b38]). Thus, the generation of frameshift mutations through the induction of the NHEJ pathway may represent a novel aspect of SHM. Of further interest is the implicit dependence on DNA--PKcs for the processing of the AID-induced DSBs. What this means though is currently unclear as although it is becoming apparent that NHEJ has at least two pathways, one that requires DNA--PKcs and one that does not ([@b39]), the differences between these two pathways remain nebulous at best.
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Supplementary Data are available at NAR Online.
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![Western blot analysis for AID. WT, AID^−/−^, DNA--PKcs^−/−/−^ and Ku70^−/−^ DT40 cells were analyzed by western blot for AID expression levels and β-Actin, as a loading control. Cell lysates were generated from founder populations of cells used for subsequent subcloning experiments.](gkl830f1){#fig1}

![IgM Reversion of sIgM^−^ NHEJ deficient DT40 cells. (**A**) Representative histograms of IgM surface expression on subclones expanded for 18 days in culture. AID^−/−^, WT, DNA--PKcs^−/−/−^ and Ku70^−/−^ DT40 cell lines containing a frameshift in the Vλ-region were subcloned and expanded in culture. Cultures were stained with FITC-conjugated anti-chicken IgM and analyzed by flow cytometry. Gating for positive revertants was set at 8-times above the negative peak. Numbers indicate the percentage of IgM positive cells in each histogram. Three histograms are shown for each cell line that represent cultures that were low, medium and high for IgM^+^ cells. (**B**) Fluctuation analysis of IgM reversion for AID^−/−^, WT, DNA--PKcs^−/−/−^ and Ku70^−/−^ DT40 cell lines. Multiple subclones from each cell line were expanded and analyzed for IgM expression at 18 and 30 days. Average reversion frequency is denoted by a horizontal bar. Statistics are shown (see Materials and Methods) comparing the NHEJ-deficient cells to WT DT40 cells for the respective time points. Numbers beside symbols indicate clone number and correlate to sequence data shown in [Figure 3](#fig3){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}, and Supplementary Figures 1 and 2.](gkl830f2){#fig2}

![Summary of gene conversion sequence data. **(A)** Vλ regions from WT and DNA--PKcs^−/−/−^ DT40 subclones that were maintained in cell culture for 1 month. The DT40 clones analyzed for sequencing correspond to those shown in [Figure 2B](#fig2){ref-type="fig"}. Each line represents identical sequences of the Vλ region. Numbers to the right of each line indicates the number of times that sequence was observed. Symbols on and above the line indicate deviations from the founder sequence. Black circles: point mutations; white circles: ambiguous mutations; white bars: deletions; black bars: minimum GC tracts, grey bars: maximum GC tracts. Numbers above each tract indicate pseudogene donor, slashes between numbers indicate multiple possible donors. At the bottom is the scale in nucleotides, with the CDRs shown as labeled bars above the scale. 0 = the first nucleotide of the second exon. **(B)** Same as A, except sequences were obtained from IgM^+^ sorted WT, DNA--PKcs^−/−/−^ and Ku70^−/−^ cells.](gkl830f3){#fig3}

###### 

GC frequencies in DT40 cells determined by sequencing analysis.

  Cell type                   Clone^a^   GC events^b^   Point mutations^b^   Deletions^b^   Ambiguous^b^   Clones sequenced   GC frequency   SHM frequency^c^
  --------------------------- ---------- -------------- -------------------- -------------- -------------- ------------------ -------------- ------------------
  WT                          1          0              1                    0              2              33                 0.0^d^         6.7
                              2          1              2                    0              1              26                 3.9^d^         17.1
                              3          0              1                    0              2              26                 0.0^d^         8.5
  DNA--PKcs^−/−/\ −^          1          2              2                    0              0              29                 6.9^d^         15.3
                              2          0              2                    1              1              30                 0.0^d^         14.8
                              3          1              0                    0              1              49                 2.0^d^         \<4.5
  WT sIgM^+f^                 4          4              1                    0              2              15                 93.3/97.4^e^   14.8
                              5          5              0                    0              3              14                 92.9/96.4^e^   \<15.9
                              6          6              0                    1              1              12                 91.7/95^e^     \<18.5
  DNA--PKcs^−/−/−^ sIgM+^f^   2          1              1                    1              0              10                 20/79.1^e^     22.2
                              4          1              0                    1              1              18                 72.2/79.8^e^   \<12.3
                              5          3              1                    0              1              18                 100/98.4^e^    12.3
  Ku70^−/−^ sIgM+^f^          1          2              1                    0              1              19                 88.2/98.3^e^   11.7
                              2          2              0                    0              1              19                 100/99.1^e^    \<13.1
                              3          7              0                    0              1              17                 100/95.3^e^    \<11.7

^a^DT40 clones analyzed for sequencing correspond to those shown in [Figure 2B](#fig2){ref-type="fig"}. Sequence data shown in Supplementary Figure 1 and illustration of this data in [Figure 3](#fig3){ref-type="fig"}, together with tract lengths and Pseudo gene usage.

^b^Only unique GC events, point mutations, deletions, and ambiguous sequences are shown.

^c^SHM frequencies (× 10^−5^) were determined by dividing point mutations by nucleotides sequenced (i.e. clones sequenced × 450 nt/V region).

^d^Percent GC frequencies were determined by dividing unique GC events by all sequences analyzed in unsorted WT and DNA--PKcs^−/−/−^ cells.

^e^Frequency of sIgM^+^ revertants as determined by sequencing (left side of column) or flow cytometry (right side of column).

^f^IgM^+^-sorted WT, DNA--PKcs^−/−/−^ and Ku70^−/−^ DT40 clones correspond to those shown in [Figure 2B](#fig2){ref-type="fig"}. Sequences are illustrated in [Figure 3B](#fig3){ref-type="fig"} and Supplementary Figure 2.
